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Velocity distributions of C atoms in CO + dissociative 
recombination' 
Implications for photochemical escape of C from Mars 
J. L. Fox • 
Institute for Terrestrial and Planetary Atmospheres, State University of New York at Stony Brook 
Aleksander Had 
Delphi Chassis Systems, Engineering Technical Center, Dayton, Ohio 
Abstract. 
We have carried out Monte Carlo calculations to determine the velocity distri- 
butions of C atoms produced by dissociative recombination of CO + using recent 
data for the branching ratios of various allowed channels and ion and electron 
temperatures appropriate to the Martian thermosphere. We find that the fractions 
of 12C atoms with velocities greater than the escape velocity are • 0.66 and • 0.62, 
and those for 13C are • 0.47 and • 0.48 at the plasma temperatures characteristic 
of the exobases at low and high solar activities, respectively. The ratio of the escape 
fractions of 13C and 12C, which is a measure of the isotope effect inherent in the 
CO + dissociative recombination mechanism, is thus in the range 0.72-0.77. Using 
model thermospheres and ionospheres for low solar activity from Viking, and for 
high solar activity from the Mars Thermospheric General Circulation Model, we 
have computed the global escape flux of C due to dissociative recombination of 
CO + as (3 - 5) x 10 s cm -2 s -1. This value is of the same order as current estimates 
for the escape flux of C in all forms due to sputtering by O + pickup ions at the 
current epoch but may be much less than that due to sputtering at earher times in 
the history of the planet. 
1. Introduction 
Loss of CO2 from Mars is controlled by the escape 
rate of C, either as CO2, CO, or atomic C. Since the 
escape nergy of 12C from Mars is • 1.48 eV, only non- 
thermal processes can contribute significantly to the 
escape flux. The most important escape mechanisms 
are expected to be dissociative recombination of CO + 
[McElroy, 1972] and sputtering of CO2, CO, or C by 
O + pickup ions. Sputtering rates for CO2 at low so- 
lar activity were estimated by Luhmann et al. [1992] 
as ~ 2 x 105 cm- 2 s- 1 on a globally averaged basis. 
This value has been reduced to 1 x 105cm -• s -1 by 
Jakosky e! al. [1994] to account for a factor of 2 error 
in the sputtering efficiencies employed by Luhmann et 
al. Kass and Yung [1995] reported sputtering rates of 
1Also at Department of Physics, Wright State University, 
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CO2 of • 17 x 106cm -2 s -• but the cross sections ß • 
used in that model were criticized as too large by John- 
son and Liu [1996, 1998]. In response, Kass [1999] (see 
also Kass and Yung [1996]) revised his estimate of the 
current escape flux of CO2 due to sputtering downward 
byafactor of•3 to 5 x 105cm -2 s -•. 
Dissociative recombination of CO + 
CO + + ½ --• C + O (1) 
is a photochemical process that can produce atomic 
carbon atoms with enough energy to escape from the 
atmosphere. The energy released in this reaction de- 
pends on the electronic states of the product atoms; 
the branching ratios for the energetically allowed chan- 
nels have recently been measured at 0 and 0.4 eV rela- 
tive energy by Rosdn e! al. [1998]. The most exother- 
mic channel is that which produces both C and O in 
their electronic ground states. Since 2.90 eV are re- 
leased in this channel, most of the C atoms produced 
have enough energy to escape. Even those produced in 
less exothermic channels may travel to high altitudes 
forming a hot C corona similar to the hot O coronas 
observed for Earth and Venus and predicted for Mars 
24,729 
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[e.g., Yee et al., 1980; Cotton et al., 1993; Bisikalo et 
al., 1995; Hickey e! al., 1995; Wallis, 1978; Nagy and 
Cravens, 1988; Ip, 1988, 1990; Nagy e! al., 1990; Kim 
e! al., 1998]. 
We have combined our models for the high and low 
solar activity Martian ionospheres with Monte Carlo 
calculations of the velocity distributions of C atoms pro- 
duced by dissociative r combination ofCO + at and near 
the Martian exobase for high and low solar activities. 
We report here the resulting altitude-dependent escape 
fractions and of •2C and •aC and their ratio, which is the 
isotope fractionation factor inherent in the dissociative 
recombination mechanism. We also estimate the solar 
activity averaged escape flux of C from dissociative re- 
combination of CO + and compare it to estimates of the 
escape flux from sputtering. 
2. The Model 
The Martian thermospheric models for high and low 
solar activities that we have employed are similar to 
those we have used previously [e.g., Fox et al., 1996; 
Fox, 1997; Kim et al., 1998]. The high solar activ- 
ity model is based on the Mars Thermospheric Gen- 
eral Circulation Model (MTGCM) of Bougher et al. 
[1990] and the low solar activity model is that from 
Viking [Nier and McElroy, 1976; Fox and Dalgarno, 
1979]. We have updated these models with new rate co- 
efficients for dissociative recombination of CO + [Rosgn 
et al., 1998], CO2 + [Gougousi et al., 1997], and NO + 
[Vejby-Christenscn ½tal., 1998]. We have computed 
density profiles both for "noneroded" and "eroded" 
ionospheres, that is, for models with zero-flux ion upper 
boundary conditions and maximum upward flux bound- 
ary conditions, respectively. Low solar activity models 
with zero flux (diffusive equilibrium) upper boundary 
conditions have been found to overestimate the topside 
ion densities compared to those measured by the Viking 
RPA [Hanson et al., 1977], and some kind of physical or 
chemical loss process has usually been invoked in mod- 
els to reduce the densities. For example, Chen et al. 
[1978] found that the 02 + profile could be reproduced if 
an upward velocity of 1 x 10 • cms -• equivalent to an 
outward flux of 5 x 10 7 cm -2 s -1 were imposed at the 
top boundary of the model. $hinagawa and Cravens 
[1989; 1992] suggested that the loss process is the di- 
vergence of the horizontal fluxes of the ions, by analogy 
to Venus. On Venus, the ions flow from the dayside to 
the nightside, probably in response to the plasma pres- 
sure gradient force. When they reach the nightside the 
ions converge and flow downward, forming the nightside 
ionosphere [e.g., Knudsen, 1992]. Some of the ions also 
escape the gravitational field of the planet, although 
the magnitude of the escape rate is controversial [e.g., 
McComas et al., 1986; Brace ½t al., 1987]. Fox [1997] 
estimated the maximum escape fluxes of ions from Mars 
due to the limits on the production rates by determining 
numerically the maximum upward ion fluxes allowed by 
the models, assuming all the ions had the same upward 
velocities. The models for the eroded ionospheres used 
here were computed in the same way as those described 
by Fox [1997] and differ only slightly from those mod- 
els. The major ion density profiles at low and high solar 
activity are shown in Figures la and lb, respectively. 
The fraction of C atoms that escape depends on the 
exothermicity of the dissociative r combination reaction 
and on the ion, electron, and rotational temperatures 
at the altitude at which the dissociative recombination 
takes place. The model ion and electron temperatures 
are based on Viking measurements at low solar activ- 
ity and are assumed to be only slightly larger at high 
solar activity. The values assumed are shown by Kim 
et al. [1998]. The energy released in the dissociative 
recombination reaction of CO + depends on the channel 
by which the reaction proceeds. The possible channels 
and the energies released are 
CO + + e -• C(aP) + O(aP) + 2.90 eV (2a) 
CO + + e -• C( 1 D) + O(aP) + 1.64 eV (2b) 
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Figure 1. Altitude profiles of ion densities for (a) low 
solar activity and (b) high solar activity. The dashed 
curves are those for the "noneroded" ionosphere, that 
is, computed with zero-flux upper boundary conditions 
on the ions. The solid curves are those for the "eroded" 
ionosphere, that is, those computed with maximum up- 
ward ion velocity boundary conditions. The dotted 
curves in Figure la are the densities ofO} and O + 
measured by the Viking retarding potential analyzer 
[Hanson et al., 1977]. 
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CO + + e -• C( ] S) + O(aP) + 0.22 eV (2d) 
CO + + e • C( • D) + O( • D) - 0.33 eV. (2e) 
The branching ratios of channels 2a-2e have recently 
been measured by Ros•n et al. [1998]. At 0 eV rela- 
tive energy the branching ratios are found to be 0.761, 
0.145, 0.094, and 0.0 for channels 2a, 2b, 2c and 2d, re- 
spectively. At 0.4 eV, the endothermic channel 2e is en- 
ergetically posssible, and branching ratios of 0.53, 0.34, 
0.08, 0.0, and 0.05 were measured for channels 2a-2e, 
respectively. The electron temperatures assumed here, 
which were taken from the calculations of Rohrbau9h et 
al. [1979], do not exceed • 2500 K up to 250 km, so 
we have ignored channel 2e in our calculations. The 
electron temperatures computed by Rohrbau9h et al. 
[1979], and those of Chen et al. [1978] were found to 
be in acceptable agreement with the electron tempera- 
tures estimated from Viking 1 RPA data above 200 km 
by Hanson and Manias [1988]. In computing the dis- 
tributions of the channels at a given altitude, we have 
interpolated the branching ratios measured by Ros•n et 
al. [1998] to the model electron temperature at that 
altitude. Although the branching ratios strictly apply 
to dissociative recombination of CO + in the ground vi- 
brational level, we assumed the same branching ratios 
for all vibrational levels. This is not expected to in- 
troduce a significant error in our calculations, since the 
bulk of the CO + is expected to be in the vibrational 
ground state in the ionosphere. Wallis [1989] estimated 
the photochemical escape rates of C, but he assumed 
that the branching ratio for channel 2a was small and 
that CO + dissociative recombination did not lead to 
significant escape. 
Although the rotational and vibrational temperatures 
may not be equilibrated to the ion temperatures at all 
altitudes, we assumed them to be equal in our calcu- 
lations. Previous calculations of velocity distributions 
of atoms produced in dissociative recombination f N} 
+ [Fox and Had, 1997a, b] have shown that vari- and 0 2 
ations in the ion rotational temperature by factors of 
2 or more have little effect on the atomic velocity dis- 
tributions. Unlike homonuclear diatomics, uch as N} 
and O2 +, where radiation from excited vibrational levels 
of the ground electronic state is dipole forbidden and 
the vibrational distributions may be significantly non- 
thermal, CO + has a dipole moment and thus radiative 
relaxation is expected to be efficient. At high altitudes, 
radiation will limit the actual fraction of vibrationally 
excited ions to less than that obtained with the assump- 
tion of local thermodynamic equilibrium,. Since the vi- 
brational spacing in CO + is 0.27 eV, however, and the 
ion temperatures are between 200 and 1000 K at the al- 
titudes reported here, the ions are assumed to be over- 
whelmingly in the ground vibrational state. 
To compute the vibrational and rotational energy lev- 
els, the ion was assumed to be a vibrating rotor, with 
relevant constants taken from Herzberg [1950]. For the 
isotopic species •3C0+ and •3C0, the vibrational and 
rotational energy levels are slightly different from those 
of 12CO+ and 12GO. We have taken this into account, 
but the difference is small and does not have a signifi- 
cant effect on the results. For example, the exothermic- 
ities of channel 2a for t3GO+ in low vibrational levels 
are ~ 0.003 eV smaller than those for t2CO+. We have 
also taken into account the decrease in the cross section 
(•r) for dissociative recombination with the relative ve- 
locity (vrel) of the ion and electron. The measurements 
of Rosdn et al. [1998] showed that the cross section 
for GO + dissociative recombination is proportional to 
v -2'1 Since the probability of a dissociative r com- 
bination event occurring is proportional to v•r(v), the 
relative probabilities were assumed to be proportional 
The Monte Garlo calculation of the velocity distrib- 
ution of the atoms produced in dissociative recombina- 
+ previ- tion has been described in detail for N• and 0 2
ously [Fox and Had, 1997a, b] and will not be repeated 
here. Our calculations are also similar to those carried 
out by Gdrard et al. [1995] for terrestrial hot oxygen. 
In each of the calculations we described here, we in- 
cluded a total of 2 x 10 '• events. The error introduced 
by the Monte Carlo calculation is expected to be of the 
order of 1% and is thus negligible compared to the other 
uncertainties inherent in the model. 
3. Results 
The exobases of the low and high solar activity mod- 
els are at ~ 195 and 215 km, respectively. We have 
computed velocity distributions of the 12C and 13C 
atoms produced in dissociative recombination of CO + 
at the exobase, 15 km below and 15 and 30 km above 
the exobase. Since the CO + density peaks above the 
exobase, but the electron density decreases continuously 
with altitude, this is the region from which the bulk of 
the escaping C atoms is expected to arise. The pre- 
dicted velocity distributions at four altitudes are pre- 
sented in Figures 2 and 3 for the low and high solar 
activity models, respectively. The vertical line in each 
panel is the escape velocity at the labeled altitude for 
300 latitude. The velocity distributions are functions 
only of the assumed temperatures and therefore do not 
differ for the eroded and noneroded models. At the low- 
est altitudes the velocity distributions are highly struc- 
tured, and become less structured as the altitude and 
ion temperature increase for both models. At the low 
solar activity exobase (--• 195 km), where the escape 
velocity is found to be -- 4.88 kms -•, the average ve- 
locity of a •3C atom is -- 4.58 km s -• compared to 4.84 
kms -1 for 12C. The computed •2C and 13C escape frac- 
tions are shown in Table 1, along with their ratio. 
Several factors affect the details of the velocity distri- 
butions and the escape fractions as altitude increases. 
First, the average velocity of the distributions increases 
as the ion and electron temperatures increase because of 
the greater exothermicity of the reaction. By itself this 
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Figure 2. Velocity distributions of C atoms for the low solar activity model at four altitudes: (a) 
180 km, (b) 195 km, (c) 210 km, (d) 225 km. The probability densities are in units of probability 
per velocity bin; each bin is 4.5 x 103 cms -• in width. The exobase is at • 195 km. In each plot, 
the solid curve is the velocity distribution of •2C and the dashed curve is that for •3C. The solid 
vertical line is the escape velocity for the labeled altitude at 30 ø latitude. 
would lead to larger escape fractions with increasing al- 
titude. As the ion temperature increases, however, the 
velocity distribution also broadens. For velocity distri- 
butions whose peak is greater than the escape velocity 
(as is that for t2C and channel 2a), this broadening in- 
creases the fraction of atoms with energies below the 
escape velocity. Conversely, if the peak of the distri- 
bution is below the escape velocity, the broadening of 
the distribution leads to an increase in the fraction of 
atoms with energies greater than the escape velocity. 
An additional factor is the increase in the probability 
of the smaller exothermicity channel 2b as the electron 
temperature increases. For t2C, the net effect is a small 
decrease in the escape efficiency from 0.67 to 0.62 as 
the altitude increases from 180 to 225 km at low so- 
lar activity, and a nearly constant value of 0.62 + 0.01 
is predicted from 200 to 245 km at high solar activity. 
For t3C, a s•nall increase in the escape efficiency is ob- 
served over the same altitude ranges at both low and 
high solar activities. The t3C escape fficiencies range 
from 0.43 to 0.48 from 180 to 225 km at low solar ac- 
tivity and from 0.47 to 0.50 from 200 to 245 km at high 
solar activity. 
The ratio of the escape fractions, which is the isotope 
fractionation factor that is inherent in the dissociative 
recombination mechanism, is thus .-• 0.72 at the low 
solar activity exobase and 0.77 at the high solar activ- 
ity exobase. An additional fractionation factor arises 
from diffusive separation between the homopause and 
the exobase. Although the isotope fractionation effect 
of the escape rates is fairly large, the taC/t2C ratio mea- 
sured by Viking was not measurably different from the 
terrestrial value; a value for 6t3C of 0+5% was reported 
[Nier ½t al., 1976]. The trapped gas in SNC mete- 
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Figure 3. Velocity distributions of C atoms for the high solar activity model at four altitudes: 
(a) 200 km, (b) 215 km, (c) 230 km, (d) 245 km. The probabihty densities are in units of 
probabihty per velocity bin; each bin is 4.5 x 103 cm s -1 in width. The exobase is at --• 215 km. 
In each plot, the solid curve is the velocity distribution of 12C and the dashed curve is that for 
13C. The solid vertical line is the escape velocity for the labeled altitude at 30 ø latitude. 
Table 1. Escape Fractions and Ratios for 12C and 13C in CO + Dissociative 
Recombination at Several Altitudes for High and Low Solar Activities 
Altitude, km Escape Fraction Escape Fraction Ratio 
Low Solar Activity 
180 0.673 0.434 0.64 
195 0.659 0.475 0.72 
210 0.632 0.477 0.75 
225 0.617 0.482 0.78 
High Solar Activity 
200 0.629 0.467 0.74 
215 0.617 0.478 0.77 
230 0.611 0.485 0.79 
245 0.615 0.500 0.81 
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orites, which are widely believed to have originated from 
Mars, is characterized by a fraction. ation factor 51aC of 
3.64-1% [Wright ½t al., 1990]. This implies that there is 
a large reservoir of CO2, probably the polar caps, the re- 
golith and carbonate deposits, that has exchanged with 
the atmosphere over time and has buffered the isotope 
ratio [e.g., Fanale et al., 1982; Jakosky, 1991]. 
We can estimate the global average escape flux by in- 
tegrating the dissociative recombination rate above the 
exobase, multiplying by the escape fraction, by 0.5 to 
account for the lack of escape from the nightside, and 
by another factor of 0.5 to account for the fraction of C 
atoms released in the downward direction. The results 
are shown in Table 2 for both high and low solar activ- 
ity ionospheres (eroded and noneroded) where they are 
compared to the sputtering rates for the current epoch 
for low solar activity as estimated by Luhmann et al. 
[1992] and for moderate solar activity by Kass [1999] 
(see also Kass and Yung [1996]). Our computed escape 
rates for low solar activity range from 1.9 x 104 cm-2 s-1 
for the eroded ionosphere to 4.1 x 104 cm -2 s -1 for the 
noneroded ionosphere. Viking observations suggest that 
the eroded ionosphere is the more appropriate model 
for low solar activity conditions. At high solar activ- 
ity, the escape rates range from 5.8 x 105 cm -2 s -1 for 
the eroded ionosphere to 9.1 x 105 cm-2 s-1 for the 
noneroded ionosphere. It is possible that the solar wind 
interaction with the high solar activity ionosphere is 
different from that of the low solar activity ionosphere 
and that the high solar activity ionosphere may not ex- 
hibit the eroded appearance of the low solar activity 
ionosphere, but until there is in situ information about 
the ionosphere at high solar activity, it is impossible to 
be sure. In either case, our predicted global, solar cycle 
averaged escape flux of C from dissociative recombina- 
tion is in the range (3- 5) x 105 cm -2 s -1. 
The calculated escape fluxes of C due to dissociative 
recombination of CO + are slightly smaller than, but of 
the same order as those due to sputtering by O + pickup 
ions at the current epoch as estimated by Luhmann et 
al. [1992] and Kass [1999]. The escape rates may have 
been exceeded at earlier times when the solar wind flux 
was larger [e.g., Newkirk, 1980]. Both the models of 
Luhmann et al. [1992] and Kass and Yung [1995, 1996] 
predict that the sputtering rate increases by more than 
three orders of magnitude from the current epoch to 3.5 
Gyr before present, although there are large uncertain- 
ties involved in those predictions. 
We expect the escape rates of C from dissociative re- 
combination of CO + also to increase as the solar flux in- 
creases at earlier times for two reasons. First, since CO 
is a photolysis product of CO2 and is also produced in 
ion chemistry, the fraction of CO in the thermosphere is 
expected to be enhanced as the solar fluxes in the FUV, 
EUV, and soft x-ray regions increase [e.g., Zahnl½ and 
Walker, 1982; Ayres, 1997]. Direct evidence for this in- 
crease can be seen by comparing the mixing ratio of CO 
at the Martian homopause, which is 4.2 x 10 -• at low 
solar activity INlet and McElroy, 1977] to that near the 
Venus homopause, which is much larger, •0 7 x 10 -2 at 
high solar activity [e.g., Hedin et al., 1983]. At Venus, 
the solar fluxes are larger that those at Mars by a factor 
of •0 4.4 due to the difference in distance from the Sun, 
in addition to the increase in the solar fluxes from low 
to high solar activity. Second, because of the increase 
in fluxes of ionizing radiation at earlier times, the CO + 
and electron densities will be larger also, thus increas- 
ing the rate of dissociative recombination. Therefore 
we expect the escape rate of C due to CO + dissociative 
recombination to be enhanced substantially over the ap- 
proximate factor of 5 increase in solar fluxes over the 
period from the present o 3.5 Gy before present [Ayres, 
1997]. There are other factors, however, such as the rise 
in the exobase altitude and changes in neutral densities, 
that come into play, and more detailed calculations are 
being carried out. Nonetheless, we expect the escape 
fluxes to increase between I and 2 orders of magnitude, 
with lower values more probable. 
Thus, if the current estimates are correct, sputter- 
ing will play a much larger role in the early history of 
the planet, unless Mars possessed a significant paleo- 
magnetic field that persisted beyond • 3.5 Gyr before 
present. Hutchins e! al. [1997] showed that even a 
small intrinsic magnetic field diminishes the sputtering 
rates considerably. The escape rate due to dissocia- 
five recombination would not be directly affected by 
the presence of such a magnetic field, since the ener- 
getic particles are neutrals, but the structure of the 
ionosphere would almost certainly be different. In par- 
ticular, if Mars possessed an intrinsic magnetic field 
the ionosphere would be more Earth-like than Venus- 
like; the ion density profiles would probably extend to 
higher altitudes and would not exhibit the eroded ap- 
pearance characteristic of the Viking profiles. The rate 
of dissociative recombination and the concomitant es- 
cape flux would therefore be larger. The detection of 
small-scale crustal magnetic anomalies by the magne- 
tometer on Mars Global Surveyor provides evidence for 
the existence of a paleomagnetic field, but the confine- 
ment of these sources to the ancient cratered terrain 
implies that the Martian dynamo may have operated 
for only a few hundred million years after planetary ac- 
cretion [Acura et al., 1999]. Thus the early intrinsic 
magnetic field appears to have had little effect on the C 
escape rates from dissociative recombination computed 
here or those due to sputtering over at least the last 3.5 
Gyr. 
We should note here that evidence for directly es- 
caping ions was obtained by measurements made by 
instruments on the Phobos orbiter. The automatic 
space plasma experiment with a rotating analyzer (AS- 
PERA) and toroidal analyzer spectrometer (TAUS) in- 
struments measured fluxes of heavy ions apparently of 
ionospheric origin in the optical shadow of Mars, al- 
though estimates of the global average ion escape flux 
derived from measurements by the two instruments dif- 
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Table 2. Global Average Escape Fluxes of C for Vari- 
ous Models 
Model Escape Rate, cm -2 s -1 
Low solar activity, eroded 
Low solar activity, noneroded 
High solar activity, eroded 
High solar activity, noneroded 
Sputtering • 
Sputtering b 
1.9 X 10 4 
4.1 X 10 4 
5.8 X 10 s 
9.1 X 10 s 
1X10 s 
5 X10 s 
•From Luhmann et al. [1992]; corrected by Jakosky et al. 
[1994]. This value applies to lovv solar activity. 
b From Kass [1999]. This value applies to moderate solar 
activity. 
fered substantially, from 3.5 x 10 • to 2.1 x l07 cm -2 s -t 
[e.g., Verigin et al., 1991; Lundin ½t al., 1990]. While 
most of the escaping ions were identified as O + and O2 +, 
it is hkely that some ions containing C, such as C +, 
CO +, and CO2 + were also present, but the mass reso- 
lution of the instruments was not sufficient to identify 
such ions. The escape of ions has been attributed to the 
direct interaction of the solar wind with the ionosphere, 
in which ions produced above the ionopause are picked 
up by the solar wind convection electric field [e.g., Luh- 
mann, 1990]. The magnitude of the pickup ion escape 
flux has been estimated as the integrated ionization 
rate above the ionopause, which leads to values that 
are much smaller than the Phobos measurements ug- 
gest [McElroy et al., 1977; Luhmann, 1990; Zhang et 
al., 1993]. Fox [1997] pointed out, however, that if the 
ionopause is above the photochemical equilibrium re- 
gion, as the ions are stripped off, the ions below will 
flow upward, greatly increasing the potential loss rate. 
Ultimately, most of the ions produced above the photo- 
chemical equilibrium region could, in principle, be re- 
moved. Fox [1997] computed upper limits to the global 
average escape fluxes of ions clue to limits on the pro- 
duction rates, and the predicted values for C-containing 
ions were (2.1- 16) x 10 • cm -2 s -•, where the range is 
from low to high solar activity. Thus direct escape of 
ions has the potential to be more important than either 
dissociative recombination or sputtering, but mecha- 
nisms that can produce such large escape fluxes have 
not been identified. Better measurements of fluxes of 
escaping ions with wider spatial coverage and sufficient 
mass resolution to identify the ions more precisely, as 
well as theoretical studies of solar-wind-induced ion es- 
cape processes are greatly needed. 
4. Conclusions 
We have modeled the velocity distributions of 
and •3C produced in dissociative recombination of CO + 
near the exobase of Mars for high and low solar activ- 
ities. We find that the velocity distributions broaden 
and become less structured as the altitude (and ion 
temperature) increases. The escape fractions are in the 
range 0.61 to 0.67 for •2C and 0.43 to 0.50 for •3C from 
15 km below to 30 km above the exobase. The isotope 
fractionation factor, that is, the isotope effect inherent 
in the dissociative recombination mechanism, is --• 0.72 
at the low solar activity exobase and 0.77 at the high 
solar activity exobase. This fractionation has not sig- 
nificantly affected the 13C/12C atmospheric sotope ra- 
tio because the CO2 in the atmosphere is buffered by 
contact with a larger reservoir of CO2, probably in the 
regohth, polar caps and carbonate deposits [e.g., Fanale 
½t al., 1982; Wright ½t al., 1990; Jakosky, 1991]. 
The computed global average escape flux of C aver- 
aged over low and high solar activities is in the range 
(3- 5) x 105 cm-2 s- • and is of the same order as the 
escape flux due to sputtering as estimated by Luhmann 
et al. [1992] and I(ass [1999] (see also Kass and Yung 
[1996]). If estimates of the solar wind flux at previous 
epochs are correct, however, photochemical escape will 
probably be greatly exceeded by sputtering 2-3 Gyr be- 
fore present. 
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